1. Introduction {#sec1}
===============

Cardiovascular disease is a leading cause of death around the world, and is often associated with acute myocardial infarction (MI) resulting in chronic heart failure [@bib1]. The acute shortage of oxygen supply leads to a progressive loss of cardiomyocytes through apoptosis and necrosis. Unlike in lower organisms such as zebrafish [@bib2], in adult mammalian hearts cardiomyocytes show only limited proliferation and regeneration capacity [@bib3]. To understand the potential roles of the genome in regulating cardiac regeneration, genome-wide transcriptome profiling and epigenomics in cardiomyocytes have been studied from various perspectives [@bib4], [@bib5], [@bib6], [@bib7], [@bib8]. Data from these detailed genetic analyses have begun to reveal the complex transcriptional networks and epigenetic states associated with cardiomyocytes. Some of these findings have already provided new insights and allowed the creation of start-up platforms to remodel transcriptional circuits, as well as reshaping the epigenetic landscape of cardiomyocytes as novel strategies to stimulate heart regeneration [@bib8], [@bib9], [@bib10].

The decoding of the human genome has revealed that less than 2% of the total genome comprises protein-encoding genes, with the remainder being non-protein coding [@bib11], [@bib12], [@bib13]. Through the advancement of technologies such as microarrays and next-generation sequencing (NGS), it has been found that 98% of non-coding sequences are actively transcribed to produce non-coding transcripts, termed as ncRNAs. ncRNAs are divided into two groups by an arbitrary length cutoff, small non-coding RNAs (sncRNAs) and long non-coding RNAs (lncRNAs) [@bib14]. The biological functions and molecular mechanisms of ncRNAs have been studied intensively and they have recently been identified as crucial players in the cardiovascular system.

Cardiac regeneration can be achieved through several approaches such as induction of endogenous cardiomyocyte proliferation, manipulation of cardiac fate by differentiation from an induced pluripotent state, and *trans*-differentiation from endogenous non-myocytes to cardiomyocytes [@bib15], [@bib16], [@bib17], [@bib18], [@bib19], [@bib20]. All of these events are performed through transcriptional modulation of defined genes. Recently, emerging evidence has shown that non-coding RNAs (ncRNAs) play an important role in regulating genetic networks through transcriptional modulation and epigenetics remodelling, and can sequentially govern cardiomyocyte fate and potentially mediate heart regeneration [@bib21], [@bib22]. In this review, we summarize the biological role and functional mechanisms of ncRNAs, as well as potential therapeutic targets in regulating cardiomyocyte regeneration ([Fig. 1](#fig1){ref-type="fig"}).Fig. 1The functional roles of ncRNAs in cardiac regeneration.Fig. 1

2. Small NON-CODING RNAs {#sec2}
========================

Small non-coding RNAs (sncRNAs) are RNAs comprising around 22 nucleotides. They are classified as miRNAs, siRNAs or PIWI-interacting RNAs (piRNA) according to their biogenesis pathways [@bib23]. Recently, somatic piRNA-like RNAs have also been discovered [@bib24]. Among these sncRNAs, microRNAs (miRNAs) are the most widely explored. miRNAs are transcribed by RNA polymerase II, and the primary miRNAs (Pri-miRNAs) are cleaved by RNase III Drosha in the nucleus and then exported into the cytoplasm. Cytoplasmic miRNA precursor (pre-miRNA) is further digested by another RNase III protein, Dicer. Argonaute (Ago) protein binds to one strand of mature miRNA and guides the miRNA to the 3′UTR of mRNA by sequence complementarity-based targeting. This targeting leads to mRNA degradation or deadenylation, or inhibits the translation process [@bib25]. Interestingly, studies in microRNA transgenic mice suggest that cardiac microRNAs can indirectly regulate cardiac microRNA expression [@bib26]. In cardiac regenerative medicine, miRNAs play several roles, including cell survival, proliferation, differentiation/reprogramming, angiogenesis and inflammation [@bib27]. One of the most important and difficult issues is to increase the number of functional cardiomyocytes to replace injured cells following injury. Several different approaches have been explored including cardiomyocyte proliferation, stem cell differentiation and cardiac fibroblast proliferation, as discussed below.

2.1. MICRORNAs as inducers of cardiomyocyte proliferation {#sec2.1}
---------------------------------------------------------

In rodent models, the rate of cardiomyocyte proliferation is high during development and declines after birth. A second peak of cardiomyocyte cell-cycle entry, measured by DNA labelling, results in binucleation [@bib28]. It is generally accepted that the mammalian heart has limited reparative capacity because cardiomyocyte proliferation is restricted [@bib29]. Indeed, the annual rate of cardiomyocyte turnover in the adult mouse heart under normal conditions is less than 1% [@bib30]. However, a degree of cardiomyocyte proliferation can be stimulated after injury [@bib30]. In humans, cardiomyocyte renewal has also been observed, suggesting that the mammalian heart has the capacity, although limited, to re-enter the cell system [@bib3]. Therefore, induction of cardiomyocyte proliferation may be contemplated as an approach to replenish damaged cardiomyocytes for cardiac repair.

In zebrafish, the heart can be fully replaced with new myocardium post injury [@bib2]. The proliferating cardiomyocytes in the uninjured and injured hearts of zebrafish are around 3% and 20%, respectively [@bib2], whereas in mammalian hearts proliferating cardiomyocytes are around 0.0006% and 0.0083% [@bib31], [@bib32]. RNA sequencing comparing the differentially expressed miRNAs in the injured hearts of zebrafish and mice found that miR-26a is downregulated in the zebrafish heart but does not change in mouse hearts following injury [@bib33]. Inhibition of miR-26a stimulates the proliferation of mouse neonatal cardiomyocytes in vitro and in vivo through regulation of cell cycle negative regulators [@bib33].

Developmental studies using mouse models reveal that several miRNAs are involved in governing the proliferation of cardiomyocytes. Genetic deletion of miR-17-92 cluster (miR-17, miR-18a, miR-19a, miR-20a, miR-19b-1 and miR-92a-1 are members of the miR-17-92 cluster) results in postnatal lethality, displaying major defects in the lung and heart [@bib34]. Another study has shown smaller hearts in cardiac specific miR-17-92 knockout mice, owing to the decreased proliferation capacity of cardiomyocytes in both the neonatal and adult hearts [@bib35]. Cardiac deletion of miR-302-367 also leads to thinning of ventricular walls due to reduced cardiomyocyte proliferation in the embryonic heart [@bib36]. Intriguingly, overexpression of both miR-17-92 and miR-302-267 was able to induce cardiomyocyte proliferation in embryonic and postnatal hearts [@bib35], [@bib36]. The ectopic expression of both miRNAs reduces scar formation and improves the function of infarcted hearts [@bib35], [@bib36]. A comparison of gene expression in miR-17-92 knockout mice and transgene mice identified a tumor suppressor gene *phosphatase and tensin homolog* (*PTEN*) as a target of miR-19a/b. Overexpression of PTEN significantly reduced miR-19a/b-induced proliferation of mouse neonatal cardiomyocytes [@bib35]. Using HITS-CLIP (throughput RNA sequencing by cross-linking immunoprecipitation), the Hippo pathway was found to be regulated by miR-302 [@bib36]. The Hippo pathway is a negative regulator of cardiomyocyte proliferation and heart size during development [@bib37].

High throughput screening using a synthetic miRNA library has identified miRNAs that can increase cardiomyocyte proliferation in new-born mouse hearts [@bib38]. After refinement and selection using cardiomyocytes of different species, and also fully differentiated cardiomyocytes from adult hearts, miR-199a-3p and miR-590-3p emerged as the candidates with the greatest potential for further investigation. Using adeno-associated virus 9 (AAV9) delivery to overexpress either miRNA resulted in the restoration of cardiac function following injury, with reduction in infarct size and an increase in the number of proliferating cardiomyocytes [@bib38]. Three genes were downregulated by miR-199a-3p and miR-590-3p transfection and two of them were direct targets of these two microRNA: *Homer1* and *Hopx*. Homer1 is a calcium regulator and *Hopx* is a repressor of embryonic cardiomyocyte proliferation [@bib38]. Knockdown of these genes enhanced neonatal cardiomyocyte proliferation [@bib38].

Exercise is known to be beneficial to the cardiovascular system. Exercise induces physiological cardiac hypertrophy and induces cardiac protective microRNAs [@bib39]. For example, miR-222 is an exercise-induced cardio protective microRNA and is known to play a role in cardiomyocyte proliferation [@bib40]. Overexpression of miR-222 increased cell size and proliferating cells in neonatal cardiomyocytes [@bib40]. Inhibition of miR-222 reduced exercise-induced cardiac hypertrophy and increased the number of proliferating cardiomyocytes [@bib40]. Its target genes p27 and Hipk1 also contributed to the effect of miR-222 in cell proliferation [@bib40]. Interestingly, an elevation of circulating miR-222 could be detected after acute exercise in heart failure patients [@bib40].

In addition to these positive regulators, there are miRNAs that negatively regulate cardiomyocyte proliferation. The miR-15 family has been reported to be involved in regulating the postnatal switch of neonatal mouse cardiomyocytes to terminal differentiation [@bib41]. This miR-15 family is upregulated shortly after birth and contributes to cardiomyocyte mitotic arrest by regulating *Chek1*, a gene that has been implicated in the regulation of mitosis [@bib41]. Overexpression of miR-195 (a member of the miR-15 family) impairs cardiomyocyte proliferation during the embryonic stage and the regeneration capability of P1 neonatal mice after injury [@bib41], [@bib42]. Importantly, inhibition of the miR-15 family stimulates the proliferation of adult cardiomyocytes and promotes the functional recovery of heart muscle after MI injury [@bib42].

2.2. MICRORNAs control cardiac fate and maturation {#sec2.2}
--------------------------------------------------

In addition to enhancing the proliferation capability of existing cardiomyocytes, injecting cardiac stem cells or cardiomyocytes derived from pluripotent stem cells is another therapeutic approach in the field of heart regeneration. miRNAs have been shown to regulate or enhance the differentiation of stem cell-derived cardiomyocytes. For example, miR-499, which is located in the intron of the *Myh7b* gene, enhances myocyte differentiation of cardiac stem cells by repressing *Sox6* and *Rod1* [@bib43]. The injection of cardiac stem cells overexpressing miR-499 further improved the ventricular function and restored myocardial mass in infarcted rat hearts. This effect is attributed to the formation of functionally competent cardiomyocytes from cardiac stem cells [@bib43]. The level of miR-499 has also been shown to be increased during cardiomyocyte differentiation of human embryonic stem cells [@bib44], [@bib45]. Furthermore, ectopic expression of miR-499 in these human embryonic stem cells promotes their ventricular specification [@bib44].

In addition to miR-499, miR-1, which is highly enriched in cardiomyocytes, also promotes the differentiation of cardiomyocytes from human pluripotent stem cells [@bib44], [@bib45], [@bib46], [@bib47]. Forced expression of miR-1 enhances mesoderm lineage genes, while inhibiting the differentiation of human embryonic stem cells into ectodermal or endodermal lineages [@bib46]. An increased number of beating embryoid bodies was further generated from these cells compared to control embryonic stem cells. The same effect was also demonstrated in differentiating human induced pluripotent stem (iPS) cells [@bib47]. Expression of miR-1 enhanced the expression of cardiac transcription factors and sarcomeric genes and by inhibiting the WNT and fibroblast growth factor (FGF) signalling pathways, expression of miR-1 promoted human cardiomyocyte formation and suppressed endothelial cell differentiation of human iPS cells [@bib47].

In a study to identify miRNAs involved in regulating early cardiac fate, high-throughput sequencing was performed to examine the miRNAs which are enriched in Mesp1-lineage cells [@bib48]. This study used a Mesp1 genetic tracing system that allowed isolation of Mesp1-lineage cells during embryonic stem cell differentiation. Among 140 miRNAs that are enriched in Mesp1 YFP + embryonic stem cells, the miR-322/-503 cluster bears MESP1-binding sites and is specifically expressed in the looping heart. Exogenous expression of miR-322/-503 was also found to drive embryonic stem cells toward the cardiac fate [@bib48].

Directing these pluripotent stem cells toward cardiac fate is known to increase the yield of cardiomyocytes, which is necessary to provide a scalable number of cells for future cardiac stem cell therapy [@bib19]. Several studies have observed a ventricular arrhythmia following the transplantation of these pluripotent stem cell-derived cardiomyocytes, which is a significant obstacle in their application to translational medicine [@bib20], [@bib49]. This complication is usually due to the immaturity of these pluripotent stem cell-derived cardiomyocytes, which bear a neonate-like morphology, metabolism, electrophysiology and contractile function. Several approaches are being actively pursued to enhance the maturation of these immature cardiomyocytes towards the adult phenotype. It has been demonstrated that miR-1 can aid the electrophysiological maturation of cardiomyocytes [@bib44]. Another study has identified let-7 as an miRNA that can enhance the metabolic maturation of these fetal-like cardiomyocytes with an increase in fatty acid metabolism, while decreasing PI3/AKT/insulin signalling. This increase in maturation is also accompanied by an increase in cell area and contraction force [@bib50]. In our lab, we have identified a combination of miRNAs (miR-125b, miR-199a, miR-221 and miR-222) that can promote the maturation of these embryonic stem cell-derived cardiomyocytes through their natural interaction with endothelial cells [@bib51]. The exogenous addition of this miR-combo enhanced the maturation-associated phenotype including larger cell area, lower resting membrane potential, increased sarcomeres and improved Connexin-43 organization of both mouse and human cardiomyocytes differentiated from embryonic stem cells.

2.3. MICRORNAs as direct reprogramming factors {#sec2.3}
----------------------------------------------

Another potential method that can be utilized in repairing the injured heart is direct reprogramming of other non-cardiac cells into cardiomyocytes [@bib16], [@bib52]. In addition to several cardiac transcription factors that have been reported to directly reprogram fibroblasts into cardiomyocyte-like cells (iCM), a combination of miRNAs has also been identified which can successfully generate iCMs from non-myocytes [@bib53]. Based on current knowledge of cardiac development and differentiation, the authors selected 6 candidate miRNAs that potentially determine cardiac cell fate. Following several selections of different combinations, they identified a combination of 4 miRNAs (miRNAs 1, 133, 208, and 499; miR-combo) which were able to directly convert cardiac fibroblasts into cardiomyocytes [@bib45], [@bib53]. Both in vitro and in vivo experiments have demonstrated that the introduction of this miR-combo into cardiac fibroblasts is capable of reprogramming fibroblasts into cells that express cardiomyocyte-specific genes and proteins and exhibit calcium oscillations and electrophysiological characteristics of iCM [@bib53], [@bib54]. In the same study, the authors also used double transgenic mice (Fsp1Cre/tdTOMATO transgenic mice) that can genetically label all cardiac fibroblasts, to isolate and analyse the reprogrammed fibroblasts. Although these tdTOMATO cells showed a range of morphological structure including small non-myocytes and intermediate reprogrammed cells, the tdTOMATO/Troponin T double positive cells exhibit mature cardiac markers with action potential similar to tdTOMATO negative cardiomyocytes [@bib54]. The delivery of lentivirus expressing the same miR-combo into the injured heart significantly increased the ejection fraction and reduced the infarct size [@bib53], [@bib54].

2.4. Circulating MICRORNAs as diagnostic biomarkers in cardiovascular diseases {#sec2.4}
------------------------------------------------------------------------------

In 2008, circulating miRNAs were discovered in the bloodstream in the context of cancer detection [@bib55]. In the plasma, pri-miRNAs and mature miRNAs are released from cells and carried by vesicles, such as exosomes and microvesicles, or proteins, such as Ago2 and HDL, to prevent their degradation by ribonucleases [@bib56], [@bib57]. In addition to this normal release, necrotic and apoptotic cells also passively release miRNAs into the plasma with Ago2 protein [@bib58], [@bib59] or apoptotic bodies [@bib60]. It is believed that circulating microRNAs carried by exosomes may mediate intracellular communication [@bib61], [@bib62]. To serve as a biomarker for detecting cardiovascular diseases, tissue-specific and disease-related miRNAs, such as miR-1, miR133a, miR-208a, and miR-499, are important candidates. These microRNAs were found to be elevated in the plasma within one hour after left anterior descending artery ligation [@bib63].

miR-1 is an evolutionarily-conserved, cardiac and muscle specific miRNA accounting for approximately half of the miRNAs in the heart [@bib64]. It negatively regulates ventricular cardiomyocyte proliferation during cardiogenesis [@bib65] and inhibits cell growth during cardiac hypertrophy [@bib66]. miR-1 is upregulated in acute myocardial infarction (MI) in both human and animal hearts [@bib67], [@bib68] and its upregulation induces arrhythmogenesis post-MI by targeting the expression of potassium channels and connexin43 [@bib68]. Overexpression of miR-1 in mice induces cardiac remodelling through targeting calmodulin and cardiac myosin light chain kinase (cMLCK) proteins, as well as elevating ROS stress through interfering with the expression of antioxidant enzymes [@bib69], [@bib70]. Normally, miR-1 is nearly undetectable in the plasma. However, it can be detected in the plasma of MI patients at the onset of disease, and an increased level of miR-1 is correlated with prolonged QRS [@bib71], [@bib72], [@bib73], [@bib74]. Circulating miR-1 can also be detected in animal MI models [@bib71], [@bib73], suggesting that the mechanism regulating miR-1 release from injured hearts may be similar. Although the elevation of plasma miR-1 does not totally reflect the upregulation of miR-1 in ischemic hearts, it may serve as an adequate biomarker candidate for MI.

Although miR-133a can be transcribed from the same genome locus as miR-1 [@bib65], it plays a protective role in the heart and is downregulated in MI [@bib75] and cardiac hypertrophy [@bib76], [@bib77]. Overexpression of miR-133a attenuates cardiac hypertrophy through targeting the cytoskeleton dynamic regulators RhoA and Cdc42 and a cardiogenesis related factor, Nelf-A [@bib76]. miR-133a also inhibits fibrosis through targeting connective tissue growth factor (CTGF) in both cardiomyocytes and cardiac fibroblasts [@bib77]. Transplantation of miR-133-overexpressing cardiac progenitor cells into ischemic hearts protects heart function by reducing fibrosis, cardiac hypertrophy and enhancing cardiomyocyte proliferation and vascularization [@bib78]. Interestingly, miR-133a is downregulated in the infarcted myocardium but is elevated in the plasma [@bib71], [@bib79], [@bib80] and the plasma expression level in patients with acute coronary syndrome is significantly associated with risk of death [@bib81].

miR-208a is encoded by an intron of the Myh6 gene [@bib82]. Deletion of miR-208a inhibits cardiac hypertrophy induced by pressure-overload or hypothyroidism and restricts β-MHC expression, a gene associated with heart failure, under these stresses. On the other hand, overexpression of miR-208a upregulates β-MHC expression [@bib83]. Additionally, miR-208a-overexpressing transgenic mice display cardiac hypertrophy and arrhythmic phenotypes [@bib84], indicating that miR-208a mediates pathological cell growth, cardiac electrical conduction and β-MHC gene expression by targeting Thrap1 and myostatin [@bib83], [@bib84]. In human heart tissues, miR-208 is significantly upregulated in both MI and dilated cardiomyopathy (DCM) patients [@bib75], [@bib85] and its expression level is associated with clinical outcomes of DCM [@bib85]. The level of miR-208 in the plasma of healthy people is undetectable, while miR-208a is detected in the plasma within four hours of symptom onset in more than 90% of MI patients. Surprisingly, the detection timing is even earlier than cardiac troponin-T, the a gold standard biomarker used in diagnosis of heart injury [@bib63].

miR-499 is encoded in the Myh7b gene [@bib86], is downregulated in MI [@bib87] and is upregulated in human hypertrophied and failing hearts [@bib88]. It plays both protective and detrimental roles in cardiomyocytes in different heart diseases [@bib87], [@bib88]. Overexpression of miR-499 in mice inhibits cardiomyocyte apoptosis through targeting α- and β-isoforms of calcineurin catalytic subunits that cause mitochondrial fission protein Drp1 accumulation [@bib87]. However, miR-499 transgenic mice develop dilated cardiomyopathy after 20 weeks-old through targeting of Akt and MAPKs and altering phosphorylation of heat shock protein 90 (HSP90β) and protein serine/threonine phosphatase 1-α (PP1α) [@bib88]. Plasma miR-499 can also be considered as a biomarker of MI [@bib86], [@bib89], [@bib90], [@bib91], and elevation of plasma miR-499 can be detected as early as one hour post infarction, with an expression level highly correlated with CKMB and cTnI [@bib90]. In particular, miR-499 can also serve as a biomarker of non-ST-elevation MI in elderly patients [@bib92].

Cardiac troponin I (cTnI) and troponin T (cTnT) are current clinical markers of cardiac injury which can be detected elevated in the blood 4 h after MI [@bib93]. miR-208, on the other hand, can be detected one hour after MI [@bib63] and miR-1 and miR-133 can be detected only 15 min after MI [@bib94]. The detection sensitivity of miR-208 and cTnI in acute MI patients are around 91% and 85%, respectively [@bib63]. Recently, using multiple microRNAs with or without combination of cTnI was found to improve diagnostic accuracy [@bib95], [@bib96]. This suggests that circulating microRNAs may be suitable as alternative, or perhaps superior, biomarkers for early detection of heart injury. However, there are some general limitations of using circulating microRNAs as disease markers. One significant challenge is the lack of appropriate endogenous controls to evaluate the expression level [@bib62], [@bib97]. Another challenge is low amount of plasma/serum microRNA [@bib62]. Methodology of circulating microRNA extraction and detection platform may also cause inconsistency [@bib98], [@bib99].

2.5. MICRORNAs as therapeutic targets {#sec2.5}
-------------------------------------

miRNAs and their antisense oligonucleotides are small and can be chemically modified, and so are considered as potential therapeutic targets [@bib99]. For example, there is a current phase II clinical trial evaluating the use of anti-miR-122 a therapeutic to target hepatitis C virus (HCV) infection [@bib99], [@bib100]. In addition, there are several miRNA-based therapies being developed for cardiovascular diseases [@bib101]. So far, anti-miR-15 for the treatment of myocardial infarction is in the preclinical stage [@bib102]. A list of current miRNA-based therapies is presented in [Table 1](#tbl1){ref-type="table"}.Table 1miRNAs as potential therapeutic targets.Table 1miRNADisease modelSpeciesDelivery methodOutcomeRef.anti-miR-15MIPigi.v. injection of LNA through the ear veinCardiac protection from ischemic injury[@bib103]anti-miR-208Hypertension induced heart failureRats.c. injection of LNAReduce cardiac remodelling[@bib105]anti-miR-34Transverse aortic constriction (TAC)Mouses.c. injection of LNAattenuate pathological cardiac remodelling[@bib135]anti-199bTACMousei.p injection of antagomirprevent and reverse cardiac remodelling[@bib136]anti-miR-320Ischemia/reperfusion (I/R)Mousei.v. injection of antagomirreduce infarction size[@bib137]anti-miR-652TACMouses.c. injection of LNARescue heart function and attenuates cardiac hypertrophy[@bib138]anti-miR-154TACMouses.c. injection of LNAattenuate cardiac remodelling and lung congestion[@bib139]anti-miR-92I/RPigLNA injeciton through i.v. or regionally antegrade into the left anterior descending artery or retrograde into the anterior interventricular vein with a catheterprotecte against cardiomyocyte cell death, enhance angiogenesis and has anti-inflammatory effects[@bib140]anti-miR-34Aging/MIMousei.v. injection of LNAinhibits age-induced and ischemia-induced cardiomyocyte cell death and cardiac dysfunction[@bib141]miR-210 overexpressionMIMousei.m. injection of minicircle DNA carrying miR-210 precursorImprove cardiac function through regulation of angiogenesis and antiapoptosis[@bib106]miR-99a overexpressionMIMousei.m. injection of lentiviruses carrying miR-99a precursorImprove cardiac function and survival rate[@bib107]miR-21 overexpressionMIMousei.m. injection of lentiviruses carrying miR-99a precursorReduce cardiac fibrosis and apoptosis[@bib108]miR-24 overexpressionMIMousei.m. injection of lipofectamine 2000 mediated miR-24 mimicReduce cariomyocyte apoptosis and attenuated infarct size[@bib142][^1]

In murine and porcine models of ischemic reperfusion, the miR-15 family (miR-15a, −15b, −16, −195, and −497) are upregulated one day after MI, and found to localize in both the infarcted area and the border zone of heart, and are upregulated for several weeks [@bib103]. In this study, locked nucleic acid (LNA)-modified anti-miR-15 chemistries (8- or 16-mer) were used to treat the ischemic heart. Inhibition of miR-15 was achieved after systemic delivery of the therapeutic, resulting in reduction of infarct size and cardiac remodelling, and improvement in heart function [@bib103]. This is an example of using modified oligonucleotides targeting disease-related microRNAs as a therapeutic strategy. Notably, this study was performed in a pig model of MI, which more closely resembles the anatomy and pathophysiology of human heart injury [@bib104]. In addition, knockdown of miR-15 family increases mitotic cardiomyocytes in neonatal mice [@bib41], which imply a potential role of miR-15 in cardiomyocyte proliferation.

In addition to miR-15, miR-208 is another potential therapeutic target. miR-208 not only serves as a biomarker of cardiomyopathy [@bib75], [@bib85], but is also a potential target for therapy of cardiovascular diseases. As mentioned in the previous section, miR-208 plays a critical role in pathological growth of cardiomyocytes and abnormal cardiac conduction [@bib83], [@bib84]. Inhibition of miR-208a by subcutaneous delivery improved cardiac function and the overall survival rate in Dahl hypertensive rats by reducing cardiac hypertrophy and fibrosis [@bib105]. These beneficial effects of anti-miR-208 therapies indicate their potential for treating cardiovascular diseases.

Not only miRNA antisense, but miRNA precursor can serve as the "drug" for treatment of cardiovascular diseases. For example, overexpression of miR-210, miR-99, miR-21 and miR-214 in vivo reduces cell apoptosis and protects heart function after MI [@bib106], [@bib107], [@bib108], [@bib109]. The protective function of miR-210 is realized through positive regulation of angiogenesis and anti-apoptosis via targeting Efna3, an anti-angiogenic factor, and Ptp1b, which induces apoptosis [@bib106]. miR-99 protects cell apoptosis through enhancing autophagy in ischemic mouse hearts [@bib107] while miR-21 downregulates collagen and fibronectin expression to reduce fibrosis in the infarcted heart [@bib108].

Although chemical modification of oligonucleotides increases the stability of anti-miRNAs or miRNA mimics in the body, their pharmacokinetics and pharmacodynamics are poorly understood [@bib101]. Furthermore, it appears that they do not show immediate therapeutic effects -- rather, taking a number of days to show the protective effects [@bib101]. Systemic delivery also causes oligonucleotide accumulation in the liver and kidneys [@bib101]. Improving the targeting of injured tissue and controlling the efficiency and efficacy of anti-miR drugs will be challenges in the development of microRNA therapy [@bib110].

3. Long NON-CODING RNAs {#sec3}
=======================

Long non-coding RNAs (lncRNAs) are defined as a diverse class of RNA transcripts with a size larger than 200 base-pairs that contain a cryptic open reading frame, without translational ability [@bib12]. lncRNAs are produced through general transcriptional machinery, RNA polymerase II. The expression of lncRNAs is associated with histone marks such as H3K4me2, H3K4me3, H3K9ac, H3K27ac at the transcription start site (TSS) of lncRNAs which share similar histone patterns with protein-coding genes [@bib13]. However, lncRNAs harbor a higher DNA methylation density which is remarkably different from protein-coding genes [@bib111]. This difference may be used to distinguish coding genes from non-coding genes. Several transcriptional factors such as p53, NFkB, Sox2, Oct4 (also known as Pou5f1), Nanog and MYC have all been identified to bind to the TSS of lncRNAs resulting in regulating or transactivating lncRNA expression [@bib112], [@bib113], [@bib114]. lncRNA transcripts subsequently undergo post-transcriptional processing such as 5′ terminal methylguanosine capping, polyadenylation, alternative splicing and RNA editing [@bib112], [@bib115].

3.1. LNCRNAs in the heart {#sec3.1}
-------------------------

The limited renewal capacity of cardiomyocytes is unable to adequately cope with the damage brought about by heart disease. Understanding the cellular and molecular mechanisms of cardiac development and the response to injury may provide us the knowledge to manipulate regenerative pathways in the heart. Here, we describe several lncRNAs associated with heart disease, as well as lncRNAs which are potentially involved in cardiac regeneration ([Table 2](#tbl2){ref-type="table"}).Table 2lncRNAs associated with heart disease and potential therapeutic targets.Table 2lncRNAsSpeciesModelOutcomeRefBvhtmousemouse embryonic stem cellscardiac fate[@bib21]CDR1AShumanacute myocardiac infarctioncirculating lncRNA[@bib132]Chaermousetransverse aortic constriction (TAC)regulates cardiac hypertrophy[@bib120]Chastmousetransverse aortic constriction (TAC)regulates cardiac hypertrophy[@bib121]Fendrrmousemouse embryocardiac lineage commitment[@bib143]LINC00323humanhuman umbilical vein Ecs, hypoxia conditionangiogenesis and capilary formation[@bib127]LIPCARhumancardiac remodellingcirculating lncRNA[@bib131]MIR503HGhumanhuman umbilical vein Ecs, hypoxia conditionangiogenesis and capilary formation[@bib127]MALAT1humanhuman umbilical vein Ecs, hypoxia conditioninduces angiogenic sprouting and migration[@bib126]NRFmouseischemia/reperfusioncardiomyocytes necrosis[@bib124]SMILRhumanhuman saphenous vein vascular smooth muscle cellssmooth muscle cell proliferation[@bib128]SENCRhumanhuman coronary artery smooth muscle cellssmooth muscle cell migration[@bib129]ZFAS1humanacute myocardiac infarctioncirculating lncRNA[@bib132]

3.2. LNCRNAs in cardiac development and diseases {#sec3.2}
------------------------------------------------

A precise spatio-temporal control of gene networks is crucial for both normal cardiac development, and for disease pathogenesis. The discovery of lncRNAs has shown that regulation of complex gene networks is not solely operated by protein-coding genes. Through RNA-sequencing of fetal mouse hearts at different stages during development, a subset of lncRNAs are discovered, which can be assigned into distinct profiles such as cardiac-specific lncRNAs or those which are dynamically expressed during differentiation and maturation [@bib116], [@bib117]. There are approximately 1237 differentially expressed lncRNAs identified throughout the heart development stages, suggesting that these lncRNAs may play a role in regulating gene networks in normal heart development [@bib116]. Similar methods have also been utilized to identify differentially expressed lncRNAs in heart disease models. Via RNA sequencing of samples representing human heart failure, an lncRNA transcriptional profile is generated. In this profile, 3.7% of lncRNAs and 2.5% of pseudogenes were found to be differentially expressed in human heart failure compared to normal donor hearts [@bib118]. Another group also performed RNA deep sequencing on failing human hearts before and after left ventricular assist device (LVAD) implantation. They generated a myocardial transcriptome profile from LVAD-supported conditions and found that lncRNA transcriptome showed a distinct signature that was able to distinguish ischemic hearts of different pathologies and the response to LVAD support [@bib119]. This also provided better biological sample segregation compared to mRNA and miRNA profiles, suggesting that lncRNAs play an important role in cardiac pathology, far beyond simply regulating gene transcription [@bib119]. Recently, a cardiac-enriched lncRNA *Chaer* (cardiac-hypertrophy-associated epigenetic regulator) has been identified as a key factor for cardiac hypertrophy induced by pressure overload [@bib120]. It is located on chromosome 5 with two exons in the mouse genome, and is highly expressed in the heart [@bib120]. Mechanistically, *Chaer* directly interacts with enhancer of zeste homolog 2 (EZH2) subunit of PRC2, hence inhibiting methylation of H3 Lys27 (H3K27) at the promoter region of cardiac hypertrophy genes [@bib120]. Another lncRNA *Chast* (cardiac hypertrophy--associated transcript) was identified using lncRNA microarray analysis on pressure overload-induced cardiac hypertrophy [@bib121]. Ectopic expression of *Chast* induces hypertrophy both in vitro and in vivo, while inhibiting *Chast* expression attenuates the hypertrophy condition. *Plekhm1* (Pleckstrin homology domain--containing protein family M member 1) is involved in inhibition of autophagy [@bib122]. *Chast* negatively regulates *Plekhm1*, which in turn inhibits autophagy in cardiomyocytes and drives cardiac hypertrophy [@bib121]. Interestingly, in vivo GapmeR-mediated silencing of *Chast* in TAC-induced pathological cardiac remodelling model significantly attenuates cardiac hypertrophy [@bib121]. Furthermore, lncRNA *NRF* (necrosis-related factor) is an lncRNA that directly binds to miR-873, titrating it out from targeting to RIPK1 (receptor-interacting serine/threonine-protein kinase 1)/RIPK3 (receptor-interacting serine/threonine-protein kinase 3). RIPK1 and 3 are mainly involved in necrotic signalling pathway [@bib123]. Knockdown of *NRF* is able to reduce necrosis in hearts with MI [@bib124].

3.3. LNCRNAs regulate cardiomyocyte fate {#sec3.3}
----------------------------------------

Braveheart (*Bvht*) is an lncRNA located in the mouse chromosome 18 and is highly expressed in the heart. It has been identified as an essential activator for a core cardiovascular gene network (e.g., MesP1, Gata4, Hand1, Hand2, Nkx2.5, and Tbx5) that drives cardiovascular lineage commitment [@bib21], [@bib125]. Interestingly, *Bvht* functions upstream of Mesp1 and regulates temporal activation of cardiovascular network genes through modulation of Mesp1. Moreover, *Bvht* is shown to interact with SUZ12, a component of PRC2, and in turn mediate the epigenetics of the core network genes [@bib21]. Depletion of *Bvht* in mouse ES cells disturbs and reduces cardiomyocyte differentiation, showing that *Bvht* has a role in cardiac lineage commitment. However, this discovery was found to be only conserved in mice, as no *Bvht* homolog has been identified in other species [@bib21]. Another lineage commitment-related lncRNA named *Fendrr* (FOXF1 adjacent non-coding developmental regulatory RNA) is expressed in the nascent lateral plate mesoderm, which is essential for heart and body wall development in mice [@bib22]. Knockout of *Fendrr* is embryonically lethal due to developmental defects on the abdominal wall and the heart septum. *Fendrr* has been demonstrated to interact with PRC2 and TrxG/MLL complexes to modulate chromatin signatures of Foxf1 and Pitx2 [@bib22]. Loss of *Fendrr* affects the expression of cardiac lineage-determining transcription factors Gata6 and Nkx2.5 [@bib22]. This special ability of lncRNAs to influence cardiac lineage specification implies that they may have potential to be used to modulate cardiac regeneration.

3.4. LNCRNAs regulate NON-MYOCYTE proliferation {#sec3.4}
-----------------------------------------------

In addition to cardiomyocytes, non-myocytes are essential to maintain normal heart function. Endothelial cells play an important role in the heart, particularly during the formation of vasculature in the heart. Following MI, a shortage of oxygen to the heart muscle is the main cause of cardiomyocyte death, and new blood vessel formation is a crucial aspect of heart regeneration. Recently, *MALAT1* has been identified with relatively high expression in endothelial cells, especially under hypoxic conditions. Knockdown of *MALAT1* induces angiogenic sprouting and migration but not cell proliferation, indicating that *MALAT1* controls a phenotypic switch in endothelial cells [@bib126]. Furthermore, there are two other lncRNAs-- LINC00323 and MIR503HG, which have been identified in endothelial cells under hypoxic conditions through RNA sequencing and microarray [@bib127]. Knockdown of both of these lncRNAs repressed endothelial transcription factor GATA2, subsequently leading to angiogenic defects and inhibition of capillary formation [@bib127]. In addition to endothelial cells, smooth muscle cells are also involved in coronary artery formation. Smooth muscle induced lncRNA enhances replication (*SMILR*) is a novel lncRNA that was identified by RNA-sequencing and highly expressed in the nucleus and cytosol after IL1α and PDGF treatment [@bib128]. Knockdown of *SMILR* significantly reduces cell proliferation, suggesting that *SMILR* is a regulator of smooth muscle cell proliferation [@bib128]. Through RNA-sequencing of human coronary artery smooth muscle cells, an lncRNA termed smooth muscle and endothelial cell--enriched migration/differentiation-associated long Non-Coding RNA (*SENCR*) has been identified. *SENCR* is mainly localized in the cytoplasm, and loss of function studies showed that smooth muscle cell migration is inhibited as well as the expression of smooth muscle contractile genes and Myocardin [@bib129].

3.5. Circulating LNCRNAs {#sec3.5}
------------------------

A genome-wide transcriptome of lncRNAs in the whole blood, plasma and heart tissue of mice with heart failure has been reported by Li et al. [@bib130]. This study revealed significant changes in the expression level of lncRNAs in the plasma upon heart failure. For example, the lncRNA *LIPCAR* was up-regulated in the plasma of patients with cardiac remodelling [@bib131]. lncRNA *CDR1AS* was also significantly increased in patients with acute MI, while another lncRNA *ZFAS1* showed the opposite change [@bib132]. These studies provide evidence suggesting that lncRNAs may serve as new biomarkers for heart diseases, as well as serving as therapeutic guidance for overall cardiovascular status.

3.6. lncRNAs as potential therapeutic targets {#sec3.6}
---------------------------------------------

The above-mentioned studies demonstrate the biological and mechanistic function of lncRNAs in cardiac development and disease. Therefore, we hypothesize that modulation of lncRNA expression might not only attenuate cardiac disease conditions, but also potentially achieve cardiac regeneration. However, there are several limitations of lncRNAs which must be addressed before they can be therapeutically useful. First, the relationship between sequence conservation and molecular function of lncRNAs in different species is a major concern [@bib133], [@bib134]. Second, most lncRNAs regulate a genetic network and not a single pathway especially for lncRNAs which are involved in epigenetics and chromatin remodelling. Therefore, inhibition of lncRNAs might lead to unexpected complications [@bib133]. Third, lncRNAs may play different roles if they contain different variants or undergo RNA modification such as RNA editing and methylation [@bib133]. Fourth, the subcellular localization of lncRNAs gives rise to their diverse functions. It is known that the same lncRNA present in different cellular compartments such as nucleus, cytosol, or inside mitochondria plays different roles [@bib134].

4. Conclusion {#sec4}
=============

As research into ncRNAs continues, it has become clear that their roles in cardiac differentiation, specification, and regeneration are more critical and more widespread than previously thought. Moreover, high throughput screenings have identified novel ncRNAs that are critically involved in the pathophysiology of different heart diseases. Since ncRNAs can regulate transcriptome and epigenomic circuits at the cellular level, it is expected that improving our understanding of their structural and biochemical properties will further enhance our ability to carry out effective tissue regeneration. Work on ncRNAs is likely to continue for many years, as there are still many ncRNAs waiting to be identified. Some of these unknown ncRNAs are likely the missing pieces of the puzzle that are critical to the future of cardiac regenerative medicine.
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[^1]: i.m. - intramuscular, s.c. - subcutaneous, i.v. -- intravenous, i.p. -- intraperitoneal.
